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Abstract
The form factors, as well as the helicity amplitudes for the γ∗N → N(1535) transi-
tion are calculated in framework of the QCD light cone sum rules. The contamination
coming from diagonal transition is eliminated by considering combinations of the sum
rules corresponding to different Lorentz structures. Similar procedure is applied for
determination of the residue and mass of the negative parity baryon. Comparison of
our predictions on the helicity amplitudes with the existing theoretical and experi-
mental results is also presented.
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1 Introduction
The quark model and quantum chromodynamics predict many exotic bound states of
baryons. Few of these states have already been discovered experimentally. Study of the
properties of these states allows to understand their complex structure. Quite fruitful ex-
periments have been conducted in this direction at Jefferson Laboratory. The radiative
transition of the excited to ground state baryons is described by the electromagnetic form
factors. The study of these form factors can provide us information about the quark struc-
tures of hadrons.
In the present work we calculate the γ∗N → N(1535) electromagnetic transition form
factors in framework of the light cone QCD sum rules method (about this method, see for
example [1]). This transition is comprehensively studied experimentally and there already
accumulated rich data (for a review see [2] and the references therein). This transition has
been studied within the covariant quark model and in lattice gauge theory in [3] and [4],
respectively. The analysis of this transition is interesting due to the fact that, the initial
and final baryons have different masses, as well as different parities.
The plan of the work is as follows. Section 2 is devoted to the derivation of the sum
rules for the form factors of the γ∗N → N(1535) transition within light cone QCD sum
rules. In this section we also present expressions of the helicity amplitudes. In section 3,
the numerical analysis of the sum rules for the form factors is given.
2 Light cone QCD sum rules for the form factors of
the γ∗N → N(1535) transition
The experimental study of the electromagnetic form factors of the excited state baryon
to the ground state baryon transition is quite useful for extracting information about the
mechanism of the strong interactions at low energies. Theoretically these form factors
appear when the electromagnetic current is sandwiched between the initial and final states,
i.e.,
〈
N∗(p′)
∣∣Jelµ (q)∣∣N(p)〉 , where Jelµ is the electromagnetic current with four-momentum
qµ = (p − p′)µ and, customarily, N∗ denotes N(1535), which is a negative parity baryon.
This matrix element is described with the help of two form factors as follows:
〈
N∗(p′)
∣∣Jelµ (q)∣∣N(p)〉 = u¯N∗(p′)[(γµ − /qqµq2
)
F ∗1 (Q
2)
− i
mN +mN∗
σµνq
νF ∗2 (Q
2)
]
γ5uN(p) , (1)
where Q2 = −q2, σµν = i2 [γµ, γν ], and F ∗1 (Q2) and F ∗2 (Q2) are the transition form factors.
This definition, obviously, satisfies the conservation of the electromagnetic current. In
order to determine the transition form factors F ∗1 (Q
2) and F ∗2 (Q
2) from light cone sum
rules (LCSR), we start by considering the correlation function,
Πµ(p, q) = i
∫
d4xeiqx
〈
0
∣∣T {η(0)Jelµ (x)}∣∣N(p)〉 , (2)
1
where η is the interpolating current with the nucleon quantum numbers, i.e.,
η = 2εabc
{
(uaTCdb)γ5u
c + β(uaTCγ5d
b)uc
}
, (3)
and Jelµ = euu¯γµu + edd¯γµd, C is the charge conjugation operator, and β is an arbitrary
parameter. The choice β = −1 corresponds to the well known Ioffe current. Using the
quark-hadron duality through dispersion relations one can write expressions for the form
factors in terms of the distribution amplitudes of the nucleon. In realizing this program,
we first calculate the correlator (1) in terms of hadrons. Applying the standard procedure
of the QCD sum rules approach, we insert the “full” set of hadronic states between the
currents η and Jelµ in Eq. (2). As the result, the contributions of the lowest nucleon state
and its negative parity partner N∗ enter to the correlator and we get,
Πµ(p, q) =
〈0 |η|N(p′)〉 〈N(p′) ∣∣Jelµ ∣∣N(p)〉
m2N − p′2
+
〈0 |η|N∗(p′)〉 〈N∗(p′) ∣∣Jelµ ∣∣N(p)〉
m2N∗ − p′2
. (4)
The couplings of N∗ and N with the interpolating current η are defined in the following
way:
〈0 |η|N(p′)〉 = λNuN(p′) ,
〈0 |η|N∗(p′)〉 = λN∗γ5uN∗(p′) . (5)
The matrix element
〈
N∗(p′)
∣∣Jelµ ∣∣N(p)〉 in terms of the form factors F ∗1 (Q2) and F ∗2 (Q2)
is already given in Eq. (1). The matrix corresponding to the diagonal
〈
N(p′)
∣∣Jelµ ∣∣N(p)〉
transition can be obtained from Eq. (1) by making the replacements, mN∗ → mN , F ∗1 → F1,
F ∗2 → F2, and omitting γ5 and /qqµ/q2. Using Eqs. (1) and (5), and performing summation
over over the spins of N and N∗, from Eq. (4) we get
Πµ(p, q) =
1
m2N − p′2
λN( 6p′ +mN)
[
γµF1(Q
2)− i
2mN
σµνq
νF2(Q
2)
]
uN(p)
+
1
m2N∗ − p′2
λN∗γ5( 6p′ +mN∗)
[(
γµ − /qqµ
q2
)
F ∗1 (Q
2)− i
mN +m∗N
σµνq
νF ∗2 (Q
2)
]
γ5uN(p) ,(6)
where q = p − p′. Using the Dirac equation ( 6 p − mN)uN(p) = 0, and ordering the Dirac
matrices as /qγµ we get from Eq. (6) the following expressions for the invariant amplitudes
for the structures γµ, qµ and qµ/q, respectively,
Π1((p− q)2, q2) = −λN
∗(mN∗ +mN)
m2N∗ − (p− q)2
F ∗1 (q
2)− λN∗(mN∗ −mN )
m2N∗ − (p− q)2
F ∗2 (q
2)
+
∫ ∞
s0
ds
ρ1(s, q
2)
s− (p− q)2 , (7)
Π2((p− q)2, q2) = λN
∗(m2N∗ −m2N )
q2[m2N∗ − (p− q)2]
F ∗1 (q
2) +
λN∗(mN∗ −mN)
(mN∗ +mN )[m2N∗ − (p− q)2]
F ∗2 (q
2)
+
λN
m2N − (p− q)2
F2(q
2) +
∫ ∞
s0
ds
ρ2(s, q
2)
s− (p− q)2 , (8)
2
Π3((p− q)2, q2) = λN
∗(mN∗ +mN )
q2[m2N∗ − p′2]
F ∗1 (q
2) +
λN∗
(mN∗ +mN)[m2N∗ − (p− q)2]
F ∗2 (q
2)
− λN
2mN [m2N − (p− q)2]
F2(q
2) +
∫ ∞
s0
ds
ρ3(s, q
2)
s− (p− q)2 , (9)
where the contributions of all excited states and continuum with the quantum numbers of
N and N∗ are taken into account using the quark-hadron duality ansatz.
Having obtained the expression of the correlator from hadronic side, we proceed now to
calculate it in terms of quark and gluon degrees of freedom, in which (p−q)2 and q2 = −Q2
are large and negative, i.e., they are Eucledian. This is necessary for justifying the operator
product expansion (OPE) of the two currents around the light cone. The expression for
the correlator is derived in terms of nucleon distribution amplitudes (DAs) with increasing
twist, convoluted with hard-scattering amplitudes. Equating then the coefficients of the
structures γµ, qµ and qµ/q of the correlators from hadronic and QCD sides we obtain the
sum rules for the combinations of the transition form factors F ∗1 (Q
2), F ∗2 (Q
2) and F2(Q
2).
The nucleon DAs from twist-3 to twist-6 are obtained in [5], and we use these DAs in further
numerical analysis.
Using the expressions of the DAs from correlator (1) for the invariant amplitudes of the
structures γµ, qµ and qµ/q, we get
Πthi ((p− q)2, q2) =
3∑
n=1
∫
1
0
ρi,n(x, (p− q)2, q2)
[(q − px)2]n . (10)
After tedious calculations we obtain the expressions for the functions ρi,n, where i and n
run through 1,2,3, and their explicit forms are all given in the Appendix.
Equating Eqs. (7), (8) and (9) with Πth1 , Π
th
2 and Π
th
3 , from Eq. (10) we get the sum
rules for the combination of the form factors. Eliminating the F2(Q
2) from this set of
equations, and performing the Borel transformation on the variable (p − q)2 → M2, we
get the following sum rules for the combinations of the form factors F ∗1 (Q
2) and F ∗2 (Q
2) as
follows:
λN∗
[
(mN∗ +mN)F
∗
1 (Q
2) + (mN∗ −mN )F ∗2 (Q2)
]
e−m
2
N∗
/M2 = −J1(Q2,M2, s0) ,
λN∗
[
− (mN +mN∗)
2
Q2
F ∗1 (Q
2) + F ∗2 (Q
2)
]
e−m
2
N∗
/M2 = J2(Q2,M2, s0)
+ 2mNJ3(Q2,M2, s0) ,(11)
where M2 is the Borel mass parameter, s0 is the continuum threshold, and
s =
1− x
x
Q2 + (1− x)m2N ,
x0 =
1
2m2N
[√
(Q2 + s0 −m2N )2 + 4m2NQ2 − (Q2 + s0 −m2N )
]
.
The functions Ji(Q2,M2, s0) appearing on the right-hand side of Eq. (11) have the following
form:
Ji(Q2,M2, s0) =
∫
1
x0
dx
[
− ρi,1(x)
x
+
ρi,2(x)
x2M2
3
− ρi,3(x)
2x3M4
]
e
−
(
x¯Q2
xM2
+
x¯m2
N
M2
)
+
[
ρi,2(x0)
Q2 + x20m
2
N
− 1
2x0
ρi,3(x0)
(Q2 + x20m
2
N)M
2
+
1
2
x20
Q2 + x20m
2
N
d
dx0
ρi,3(x0)
x0(Q2 + x20m
2
N )M
2
]
e−s0/M
2
. (12)
Explicit expressions of the functions ρi,n are presented in the Appendix.
From experimental point of view the helicity amplitudes seem to be more suitable quan-
tities for the analysis of γ∗N → N(1535) transition. the helicity amplitudes are determined
in terms of the transition form factors as (see [7])
A1/2 = −2e
√
(mN∗ +mN )2 +Q2
8mN(m
2
N∗ −m2N)
[
F ∗1 (Q
2) +
mN∗ −mN
mN∗ +mN
F ∗2 (Q
2)
]
, (13)
S1/2 =
√
2e
√
(mN∗ +mN)2 +Q2
8mN(m2N∗ −m2N )
(mN∗ +mN )
√
λ(Q2, m2N∗ , m
2
N)
2mN∗Q2
[
mN∗ −mN
mN∗ +mN
F ∗1 (Q
2)
− Q
2
(mN∗ +mN )2
F ∗2 (Q
2)
]
, (14)
where,
λ(Q2, m2N∗ , m
2
N) = (Q
2 +m2N∗ +m
2
N)
2 − 4m2N∗m2N .
So, from Eqs. (11) and (12) we can find Q2 dependence of the transition form factors
F ∗1 (Q
2) and F ∗2 (Q
2). Then using Eqs. (13) and (14) we can make predictions about the
helicity amplitudes and compare these results with the present experimental results.
It follows from Eq. (11) that, in order to calculate the transition form factors F ∗1 (Q
2)
and F ∗2 (Q
2) the residue of the N∗ baryon is needed. For this purpose we consider the
two-point correlation function
Π(p2) = i
∫
d4xeipx 〈0 |T {η(x)η¯(0)}| 0〉 . (15)
This correlation function contain two invariant amplitudes, namely, coefficients of the struc-
tures 6p and the unit operator I, which can be written as
Π(p2) = Π1(p
2) 6p+Π2(p2)I .
The theoretical part of this correlation function has already been calculated in [6] using
the general form of the interpolating current of the N baryon which is given in Eq. (3).
Saturating the correlation function with N and N∗ states, we get
Π(p2) =
|λN∗|2
m2N∗ − p2
( 6p−mN∗) + |λN |
2
m2N − p2
( 6p+mN) + · · · , (16)
where · · · denotes the contributions of the higher states and continuum. Eliminating the
contributions of the N states and performing Borel transformation for the mass and residue
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of the negative parity baryon we get the following sum rules:
m2N∗ =
∫ s0
0
ds e−s/M
2
s
[
mN ImΠ1(s)− ImΠ2(s)
]
∫ s0
0
ds e−s/M
2
[
mN ImΠ1(s)− ImΠ2(s)
] , (17)
|λN∗|2 = e
m2
N∗
/M2
mN∗ +mN
1
pi
∫ s0
0
ds e−s/M
2
[
mN ImΠ1(s)− ImΠ2(s)
]
. (18)
As has already been noted the functions ImΠ1(s) and ImΠ2(s) are calculated in [6], and
therefore we do not present their expressions here. Substituting Eq. (17) into Eq. (18) we
can determine the residue of N∗.
3 Numerical analysis
In this section we present numerical analysis of the obtained sum rules for the helicity
amplitudes. The main input parameters of the light cone sum rules analysis are the DAs
of nucleon, which are all presented in the Appendix. The normalization factors appearing
in them are determined from the analysis of two-point sum rules [5] which are predicted to
have the values
fN = (5.0± 0.5)× 10−3 GeV2 ,
λ1 = −(2.7 ± 0.9)× 10−2 GeV2 ,
λ2 = −(5.4 ± 1.9)× 10−2 GeV2 .
For the remaining five parameters which determine the shapes of the nucleon DAs, we use
the values Au1 = 0.13, V
d
1 = 0.30, f
d
1 = 0.33, f
u
1 = 0.09 and f
d
2 = 0.25 that are given in [8],
and the quark condensate is predicted to have the value 〈q¯q〉(1 GeV) = −(246+28−19 MeV)3
[9].
In order to determine the transition form factors we need to know the mass and residue
of N∗, which can be obtained from the analysis of the two-point sum rules (see Eq. (17)
into Eq. (18)). These sum rules contain two auxiliary parameters, one being the Borel
mass parameter and the other is the continuum threshold s0. The working domain of
the Borel mass parameter M2 is determined by means of the standard criteria, namely,
the nonperturbative and continuum contributions in the sum rules should sufficiently be
suppressed. The value of the threshold s0 is chosen in such a way that, the sum rules
prediction reproduces the experimentally measured mass with high enough accuracy, say
within 10%.
The value of the residue of N∗ can be calculated in a way as exploited below. At
the first stage we analyze the mass sum rule at several different values of the arbitrary
parameter β, and observe that the aforementioned criteria is satisfied well in the range
1.0 ≤ M2 ≤ 3.0 GeV2 of the Borel mass parameter. We also see that for the choice of the
continuum threshold in the range s0 = (4.0± 0.5) GeV2 the sum rules reproduce the mass
of the N∗ baryon with the limits of required accuracy. The second step in the sum rules
analysis is determination of the working region of the parameter β, where the sum rules
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prediction of the mass is independent of it and reproduces the measured mass of N∗. We
further demand that λ2N∗ is also independent of β and positive in the domain we are looking
for. Our calculations show that both conditions are fulfilled in the domain −0.4 ≤ β ≤ 0.8,
and we shall use it in further analysis of the sum rules for the transition form factors.
In Figs. (1) and (2), the dependencies of the helicity amplitudes A1/2 and S1/2 on Q
2
at M2 = 2.0 GeV2, at several fixed values of the auxiliary parameter β picked from its
working region are presented, respectively. Note that the data in Figs. (1) and (2) are
obtained only for the central values of the input parameters that enter to the sum rules for
the form factors F ∗1 (Q
2) and F ∗2 (Q
2). The numerical analysis shows that the results for the
above-mentioned helicity amplitudes are insensitive to the variation of in M2 in the region
1.4 ≤M2 ≤ 2.0 GeV2. For completeness, in these figures the experimental data from CLAS
[10, 11] and MAID [12] are also presented.
We see from Fig. (1) that the value of A1/2 decreases with the increasing values of
β. This behavior is to the contrary in the case of S1/2, i.e., S1/2 increases along with the
decreasing values of β. In other words, A1/2 and S1/2 both seem to be quite sensitive
to the values of the auxiliary parameter β. It follows from these figures that when the
central values of the input parameters are taken into account, the values of A1/2(S1/2) are
larger (smaller) compared to the experimental data, as well as the lattice result [8], in the
appropriate working region of the auxiliary parameter β. It is also observed that with
the increasing(decreasing) value of β the difference between our prediction on A1/2(S1/2)
and the experimental data and lattice result gets smaller and smaller, and they practically
coincide with each other when the the parameter β is around 0.6(−0.3).
If the uncertainties in the input parameters are taken into account we observe that our
predictions and the experimental data on the helicity amplitudes are very close to each
other when β ranges in the domain −0.1 ≤ β ≤ 0.4, and they are in good agreement with
the lattice results [8]. Small differences in our results and [8] can be attributed to the
errors in the value of the residue of N∗, as well as to the values of the DAs, since different
sets of DAs have been used in [8], while DAs of N have been used in our work.So, we
observe the experimental data, lattice results and our predictions coincide only for a more
restricted domain of the arbitrary parameter β in the range −0.1 ≤ β ≤ 0.4. Therefore,
we can conclude that the working region −0.6 ≤ β ≤ 0.8 of the arbitrary parameter, which
follows from the analysis of the two-point sum rules, is rather restricted into the domain
−0.1 ≤ β ≤ 0.4.
Finally, when we compare our predictions with those of the covariant quark model [3], we
observe that our results for the helicity amplitude A1/2 are considerably larger in magnitude.
Furthermore, in the case of S1/2 our results are close to those given in [3] within the error
limits only for β = 0.1, while they differ considerably for all other values of β. More refined
calculations of the DAs and of the radiative corrections to them could of course allow further
improvements in our results. For a reliable comparison of the theoretical results with the
experiments more effort from both sides are needed.
In conclusion, the helicity amplitudes of the γN → N∗(1535) transition are calculated
within the light cone QCD sum rules method, where the DAs of the nucleon are used. The
unwanted contribution coming from the diagonal transition is eliminated by considering
combination of the sum rules. We also presented a comparison of our predictions on the
helicity amplitudes with the theoretical and experimental results existing in the literature.
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From these comparisons we see that our predictions on the helicity amplitudes A1/2 and
S1/2 agree well with the experimental data and lattice results within the error limits in
the input parameters, and only for the small values of β which is restricted into the range
−0.1 ≤ β ≤ 0.4. This restriction is more stringent compared to the one imposed by the
mass sum rule analysis, i.e., −0.4 ≤ β ≤ 0.8. The result obtained for β can also be used in
the analysis of the transition form factors for the other members the negative parity octet
baryons.
7
Appendix
In this Appendix we present the explicit expressions of the functions ρi,n entering into the
sum rules.
1 Structure γµ
ρ1,1(x) = − 1
2x
eq1mN
{
mq1
[
2(1 + β)(Cˇ2 + Dˇ2) + (1− β)(Bˇ2 + 5Bˇ4)
]
− 2x(1 + β)
∫ x¯
0
dx3
[
mNx(P1 + S1 + 3T1 − 6T3)
− mq1(A1 + 2A3 − V1 + 2V3)
]
(x, 1− x− x3, x3)
+ 2x(1− β)
∫ x¯
0
dx3
[
mNx(A1 + 2A3 − V1 + 2V3)
− mq1(P1 + S1 + 3T1 − 6T3)
]
(x, 1− x− x3, x3)
}
(x)
+
1
2x
eq2
{
m2N (1 + β)
˜˜
B6
+ 2mN(1 + β)
[
mNx(B˜4 + B˜5 + 2B˜7 + E˜1 − H˜1) +mq2(C˜2 + D˜2)
]
+ mN(1− β)
[
2mNx(C˜2 − C˜5 − D˜2 − D˜5)−mq2(B˜2 + B˜4)
]
+ 2mNx(1 + β)
∫ x¯
0
dx1
[
mNx(P1 + S1 + T1 − 2T3)
+ mq2(A1 + A3 − V1 + V3)
]
(x1, x, 1− x− x1)
+ 2mN(1− β)
∫ x¯
0
dx1
[
mN(A
M
1 + T
M
1 ) +Q
2(A1 + V1)
+ xmq2(P1 − S1 + T1)
]
(x1, x, 1− x− x1)
}
(x)
− 1
2x
eq3
{
2m2N (1 + β)
̂̂
B6
− mN(1 + β)
[
2mNx(B̂2 + B̂4 + 2B̂5 + 4B̂7)−mq3(B̂2 + B̂4)
]
− mN(1− β)
[
mNx(Ĉ4 − Ĉ5 − D̂4 + D̂5) + 2mq3(B̂2 + B̂4)
]
(1)
− 2mNx(1 + β)
∫ x¯
0
dx1
[
mNx(P1 + S1 − T1 + 2T3)
− mq3(P1 − S1 − T1)
]
(x1, 1− x− x1, x)
− 2(1− β)
∫ x¯
0
dx1
[
m2N (A
M
1 − V M1 ) +Q2(A1 − V1)
8
− xmq3mN(A1 + A3 + V1 − V3)
]
(x1, 1− x− x1, x)
}
(x) .
ρ1,2(x) = − 1
2x
eq1mN
{
2m3Nx
2(1 + β)( ˇˇB6 − 3 ˇˇB8)−m2Nx(1− β)
[
mq1
ˇˇB6 + 2mNx(
ˇˇC6 +
ˇˇD6)
]
+ (1 + β)
[
mNx(m
2
Nx
2 +Q2)(Bˇ2 + 5Bˇ4)
− x2mq1m2N (Cˇ4 − 3Cˇ5 − Dˇ4 + 3Dˇ5) + 2mq1Q2(Cˇ2 + Dˇ2)
]
+ (1− β)
[
2mNx(m
2
Nx
2 +Q2)(Cˇ2 + Dˇ2) +mq1Q
2(Bˇ2 + 5Bˇ4)
− x2mq1m2N (Bˇ2 − Bˇ4 + 6Bˇ5 + 12Bˇ7 − 2Eˇ1 + 2Hˇ1)
]
− 2m3Nx2
∫ x¯
0
dx3
[
3(1 + β)TM1 − (1− β)(AM1 − V M1 )
]
(x, 1− x− x3, x3)
}
(x)
+
1
2x
eq2mN
{
mN(1 + β)
[
Q2
˜˜
B6 −m2Nx2( ˜˜B6 − 2 ˜˜B8)− 2mq2mNx( ˜˜C6 + ˜˜D6)]
+ m2Nx(1 − β)
[
2mNx(
˜˜
C6 − ˜˜D6) +mq2mN( ˜˜B6 − 4 ˜˜B8)]
− (1 + β)
[
mNx(m
2
Nx
2 +Q2)(B˜2 + B˜4)
+ x2mq2m
2
N (C˜4 − C˜5 − D˜4 + D˜5) + 2mq2Q2(C˜2 + D˜2)
]
+ (1− β)mq2
[
Q2(B˜2 + B˜4)−m2Nx2(B˜2 − B˜4 + 2B˜5 + 2E˜1 + 2H˜1)
]
+ 2mN
∫ x¯
0
dx1
[
m2Nx
2(1 + β)TM1 +Q
2(1− β)(AM1 + V M1 )
]
(x1, x, 1− x1 − x)
}
(x)
− 1
2x
eq3mN
{
mN(1 + β)
[
2(Q2
̂̂
B6 +m
2
Nx
2 ̂̂B8) +mq3mNx( ̂̂B6 − 4 ̂̂B8)]
+ 2m2Nx(1− β)
[
mNx(
̂̂
C6 +
̂̂
D6) +mq3(
̂̂
C6 − ̂̂D6)]
− (1 + β)
[
mNx(m
2
Nx
2 +Q2)(B̂2 + B̂4)−mq3Q2(B̂2 + B̂4)
− x2mq3m2N (B̂2 − B̂4 + 2B̂5 − 2Ê1 − 2Ĥ1)
]
− (1− β)mq3
[
2Q2(Ĉ2 − D̂2)−m2Nx2(Ĉ4 − Ĉ5 + D̂4 − D̂5
]
+ 2mN
∫ x¯
0
dx1
[
m2Nx
2(1 + β)TM1 −Q2(1− β)(AM1 − V M1 )
]
(x1, 1− x1 − x, x)
}
(x) ,
ρ1,3(x) = eq1mq1m
3
N(1− β)(m2Nx2 +Q2) ˇˇB6(x)
+ eq2mq2m
3
N(1− β)(m2Nx2 +Q2) ˜˜B6(x)
+ eq3mq3m
3
N(1 + β)(m
2
Nx
2 +Q2)
̂̂
B6(x) .
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2 Structure qµ
ρ2,1(x) = −1
x
eq1mN
{
(1 + β)(Bˇ2 + 5Bˇ4) + 2(1− β)(Cˇ2 + Dˇ2)
− 2x
∫ x¯
0
dx3
[
(1 + β)(P1 + S1 + 3T1 − 6T3)
− (1− β)(A1 + 2A3 − V1 + 2V3)
]
(x, 1− x− x3, x3)
}
(x)
− 2
x
eq2mN
{
(1 + β)(B˜4 + B˜4)
− x
∫ x¯
0
dx1
[
2(1 + β)(T1 − 2T3) + (1− β)(A3 − V3)
]
(x1, x, 1− x− x1)
}
(x)
+
1
x
eq3mN
{
(1 + β)(B̂2 − 3B̂4)− 2(1− β)(Ĉ2 + D̂2)
+ 2x
∫ x¯
0
dx1
[
(1 + β)(P1 + S1 + T1 − 2T3)
− (1− β)(A1 + A3 − V1 + V3)
]
(x1, 1− x− x1, x)
}
(x) .
ρ2,2(x) = −1
x
eq1mN
{
m2Nx
[
(1 + β)(5 ˇˇB6 − 6 ˇˇB8)− 2(1− β)( ˇˇC6 + ˇˇD6)
]
+ (1 + β)
[
Q2(Bˇ2 + 5Bˇ4)−m2Nx2(Bˇ2 − Bˇ4 + 6Bˇ5 + 12Bˇ7 − 2Eˇ1 + 2Hˇ1)
]
− (1− β)
[
m2Nx
2(Cˇ4 − 3Cˇ5 − Dˇ4 + 3Dˇ5)− 2Q2(Cˇ2 + Dˇ2)
]
− 2m2Nx
∫ x¯
0
dx3
[
3(1 + β)TM1 − (1− β)(AM1 − V M1 )
]
(x, 1− x− x3, x3)
}
(x)
− 1
x
eq2mN
{
2m2Nx(1 + β)(
˜˜
B6 − 2 ˜˜B8)− 2mN(1− β)[2mq2 ˜˜B6 +mNx( ˜˜C6 − ˜˜D6)]
+ (1 + β)
[
2Q2(B˜2 + B˜4)− 4m2Nx2(B˜5 + 2B˜7) +mNx(C˜4 + C˜5 − D˜4 − D˜5)
]
− mNx(1− β)
[
mNx(C˜4 − C˜5 + D˜4 − D˜5) + 2mq2(B˜2 − B˜4 + 2B˜5)
]
− 4m2Nx(1 + β)
∫ x¯
0
dx1T
M
1 (x1, x, 1− x1 − x)
}
(x)
+
1
x
eq3mN
{
mN (1 + β)
[
4mq2
̂̂
B6 −mNx(3 ̂̂B6 − 2 ̂̂B8)]
+ (1 + β)
[
Q2(B̂2 − 3B̂4) +m2Nx2(B̂2 − B̂4 + 2B̂5 − 2Ê1 + 2Ĥ1)
+ 2xmq3mN (B̂2 − B̂4 + 2B̂5)
]
− (1− β)
[
2m2Nx
2(Ĉ5 − D̂5) + 2Q2(Ĉ2 + D̂2)
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+ xmq3mN (Ĉ4 + Ĉ5 + D̂4 + D̂5)
]
+ 2m2Nx
∫ x¯
0
dx1
[
(1 + β)TM1 − (1− β)(AM1 − V M1 )
]
(x1, 1− x1 − x, x)
}
(x) ,
ρ2,3(x) = −4eq1m3N (1 + β)(m2Nx2 +Q2) ˇˇB6(x)
− 4
x
eq2mq2m
2
N(1− β)(Q2 ˜˜B6 + 2m2Nx2 ˜˜B8)(x)
− 4
x
eq3
{
m2N(1 + β)
[
mNx(m
2
Nx
2 +Q2)
̂̂
B6 −mq3(Q2 ̂̂B6 + 2x2m2N ̂̂B8)]
+
[
x2mq3m
4
N(1− β)( ̂̂C6 − ̂̂D6)]}(x) .
3 Structure qµ/q
ρ3,1(x) = 0 ,
ρ3,2(x) =
1
x
eq1m
2
N
{
4(1 + β) ˇˇB6(x)
− x
[
2(1 + β)(Bˇ2 + 2Bˇ4 + 3Bˇ5 + 6Bˇ7 − Eˇ1 + Hˇ1)
+ (1− β)(2Cˇ2 + Cˇ4 − 3Cˇ5 + 2Dˇ2 − Dˇ4 + 3Dˇ5)
]}
(x)
− eq2m2N
[
2(1 + β)(B˜2 + B˜4 + 2B˜5 + 4B˜7) + (1− β)(C˜4 − C˜5 + D˜4 − D˜5)
]
(x)
+
2
x
eq3m
2
N
{
2(1 + β)
̂̂
B6
− x
[
(1 + β)(B̂4 + B̂5 + 2B̂7 − Ê1 + Ĥ1) + (1− β)(Ĉ2 − Ĉ5 + D̂2 + D̂5)
]}
(x) ,
ρ3,3(x) =
4
x
eq1m
2
N (1 + β)(m
2
Nx
2 +Q2) ˇˇB6(x)
+ 4eq2m
3
N
[
(1 + β)(
˜˜
C6 +
˜˜
D6) + (1− β)( ˜˜B6 − 2 ˜˜B8)](x)
+
4
x
eq3m
2
N
{
(1 + β)
[
(m2Nx
2 +Q2)
̂̂
B6 + xmq3mN (
̂̂
B6 − 2 ̂̂B8)]
+ xmq3mN(1− β)( ̂̂C6 − ̂̂D6)]}(x) .
Explicit forms of the functions F(xi) appearing in the expressions for ρi,n are defined in
the following way:
Fˇ(x1) =
∫ x1
1
dx
′
1
∫
1−x
′
1
0
dx3F(x′1, 1− x
′
1 − x3, x3) ,
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ˇˇF(x1) =
∫ x1
1
dx
′
1
∫ x′
1
1
dx
′′
1
∫
1−x
′′
1
0
dx3F(x′′1 , 1− x
′′
1 − x3, x3) ,
F˜(x2) =
∫ x2
1
dx
′
2
∫
1−x
′
2
0
dx1F(x1, x′2, 1− x1 − x
′
2) ,
˜˜F(x2) = ∫ x2
1
dx
′
2
∫ x′
2
1
dx
′′
2
∫
1−x
′′
2
0
dx1F(x1, x′′2 , 1− x1 − x
′′
2) ,
F̂(x3) =
∫ x3
1
dx
′
3
∫
1−x
′
3
0
dx1F(x1, 1− x1 − x′3, x
′
3) ,
̂̂F(x3) = ∫ x3
1
dx
′
3
∫ x′
3
1
dx
′′
3
∫
1−x
′′
3
0
dx1F(x1, 1− x1 − x′′3 , x
′′
3) .
Definitions of the functions Bi, Ci, D)i, E1 and H1 which represent the linear combina-
tions of the DAs are given as follows:
B2 = T1 + T2 − 2T3 ,
B4 = T1 − T2 − 2T7 ,
B5 = −T1 + T5 + 2T8 ,
B6 = 2T1 − 2T3 − 2T4 + 2T5 + 2T7 + 2T8 ,
B7 = T7 − T8 ,
B8 = −T1 + T2 + T5 − T6 + 2T7 + 2T8 ,
C2 = V1 − V2 − V3 ,
C4 = −2V1 + V3 + V4 + 2V5 ,
C5 = V4 − V3 ,
C6 = −V1 + V2 + V3 + V4 + V5 − V6 ,
D2 = −A1 + A2 − A3 ,
D4 = −2A1 − A3 −A4 + 2A5 ,
D5 = A3 − A4 ,
D6 = A1 − A2 + A3 + A4 −A5 + A6 ,
E1 = S1 − S2 ,
H1 = P2 − P1 .
12
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Figure captions
Fig. 1 The dependence of the helicity amplitude A1/2 on Q
2 at M2 = 2.0 GeV2, at several
fixed values of the auxiliary parameter β.
Fig. 2 The same as in Fig. 1, but for the helicity amplitude S1/2.
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